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a b s t r a c t

The Raman scattering of Cisplatin (the first generation of anticancer drugs) has been studied. In the presence
of silver nanoparticles, strong modifications of Raman spectra have been observed. The Raman frequencies
have been shifted and the line profiles are broadened. We develop a theoretical model to explain the observed
features of the Raman scattering. The model takes into account self-consistently the interaction of molecules
with surface plasmonic waves excited in the silver nanoparticles, and it provides a qualitative agreement with
the observed Raman spectra. We have demonstrated that the using silver nanoparticles can increase sensitivity
of the technique, and potentially it has a broader range of applications to both spectroscopy and microscopy.

© 2017 Published by Elsevier B.V.

1. Introduction

Raman scattering [1] is one among many powerful techniques
that has been widely used in engineering, chemical, and biological
applications [2]. The sensitivity of coherent Raman scattering can
be improved by applying femtosecond adaptive technique to excite
maximal vibrational coherence to perform real time identification of
bacterial spores [3–6], and this technique has a potential to identify
biomolecules as well.

Cisplatin, the first generation platinum-based drug remains one of
the most effective chemotherapeutic agents in clinical use, however,
there are severe dose-dependent side effects such as neuro-, hepato-
and nephrotoxicity associated with cisplatin [7–9]. Although it is well-
established that the primary cellular target for these drugs interactions
is DNA, the exact actions of these drugs with DNA are not well-
understood. In our research, to investigate how anticancer drugs modify
DNA and to further understand the nature of the modifications at the
molecular level we utilize a non-destructive and ultra-sensitive, surface-
enhanced Raman scattering (SERS) [10,11]. SERS has several analytical
advantages for studying biological samples including extremely high
sensitivity which allows for detection limits down to the single molecule,
and inherent molecular specificity of unlabeled targets [12–18]. The
latter conditions in SERS provide insight into the modifications of DNA
in the presence of a platinum-based drug in a non-destructive fashion
and with high resolution under physiological conditions. To understand
the actions of the platinum-based drugs in our research we perform SERS
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experiments starting with SERS of cisplatin. While performing the SERS
of cisplatin we obtained some unexpected results.

Many studies have examined SERS properties especially in the
vicinity of silver colloids [19–25]. In this paper, we are examining
how Raman scattering spectra of cisplatin change when it is places in
the vicinity of silver nanoparticles. We have developed a theoretical
modeling to examine how silver surfaces influence the Raman spectrum
of cisplatin and if this model can further explain whether there is an
interaction between platinum and silver nanoparticles.

2. Setup and experimental results

The SERS and Raman spectra were recorded with a Thermo Scientific
DXR Raman Microscope; a research grade dispersive Raman microscope
with a nominal spectral range between 50 and 3300 cm−1. Laser
excitation of 780 nm was used to obtain the spectra. The Spectral
resolution was 5 cm−1. The Infrared spectra were obtained through
the use of Thermo Scientific Nicolet 6700 FT-IR with ATR attachment,
and Mid-IR and Far-IR detectors. Cisplatin was purchased from Acros
Organic BVBA and used with no further purification. Raman and IR data
were obtained at room temperature. The results of Raman and IR spectra
will be discussed in a forthcoming paper. We have shown the data here
for a comparison to the SERS spectrum.

SERS solutions were prepared by adding aqueous solution of freshly
prepared cisplatin to silver nanoparticles. Our silver nanoparticles were
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Fig. 1. Top: Raman (solid line) and IR (dashed line) experimental spectra between 400
and 3500 cm−1. Bottom: Raman (solid line) and SERS of 10−3 M cisplatin (dashed line)
experimental spectra between 400 and 800 cm−1.

synthesized following the method of Lee and Meisel [26]. Our dynamic
light scattering studies have shown that our nanoparticles have an
average size of 63 nm in diameter. The UV–Vis spectra recorded on a
sample of synthesized silver nanoparticles exhibit an absorption peak
around 500 nm.

We investigated the SERS spectrum of cisplatin for various concen-
trations of cisplatin solutions, two different salts (NaCl and NaClO3) and
two temperatures (25 and 37 ◦C).

In Fig. 1, we show the SERS spectrum for 10−3 M solution of cisplatin
using Ag nanoparticles and NaCl. Data taken using 20 mW 780 nm laser
set to 5 s exposure time with 120 exposures. Aperture set to 50 μm
pinhole, 10x objective used.

For the SERS studies, solutions of 10−3 M Cisplatin were prepared
at 20 ◦C and integrated with salt and Ag nanoparticles in the glass
sample cells. We have modified various experimental conditions such
as concentration of analyte, various types of salt to examine if the SERS
spectrum of the cisplatin changes. Regardless of the conditions, as shown
in Fig. 1, we only observed two resolved peaks near 533 and 594 cm−1.

3. Theoretical model and discussion

The molecular energy levels are shown in Fig. 2. The interaction
Hamiltonian in the rotating wave approximation can be written as

𝐻 = ℏ
[

𝛺∗
𝑝𝑒

𝑖𝛥𝑝𝑡
|𝑏⟩⟨𝑎| +𝛺∗

𝑑𝑒
𝑖𝛥𝑑 𝑡

|𝑐⟩⟨𝑎| + 𝑎𝑑𝑗.
]

where |𝑏⟩⟨𝑎|, and |𝑐⟩⟨𝑎| are the atomic projection operators, 𝛺𝑝 =
℘𝑎𝑏𝐸𝑝∕ℏ and 𝛺𝑑 = ℘𝑎𝑐𝐸𝑑∕ℏ are the probe and drive Rabi frequencies,

Fig. 2. (a) The molecule can be located near nano-particle or it can be alone. (b) Field
configuration for stimulated Raman scattering. Level structure of molecule. Transition 𝑎–𝑏
is a probe transition; transition 𝑎–𝑐 is a pump transition.

𝛥𝑝 = 𝜔𝑎𝑏 −𝜔𝑝 and 𝛥𝑑 = 𝜔𝑎𝑐 −𝜔𝑑 are detunings for probe and drive laser
beams, and ℘𝑎𝑏 and ℘𝑎𝑐 are the dipole momenta of the transitions, 𝐸𝑝
and 𝐸𝑑 are the probe and drive fields. We consider the case of the strong
field of frequency 𝜔𝑑 being the drive field and a weak field of frequency
𝜔𝑝 being the probe field. The drive and probe fields are in two-photon
resonance 𝛥𝑝 = 𝛥𝑑 = 𝛥.

The density matrix equations are given by
𝜕𝜌
𝜕𝑡

= 𝑖
ℏ
[𝜌,𝐻] − 𝛤 [𝜌] (1)

where 𝛤 [𝜌] is the matrix of relaxation rates for all components of the
density matrix 𝜌 that we are going to take into account phenomenolog-
ically.

The incident laser field 𝐸𝑖𝑛 interacts with a metallic nanoparticle
(MNP) as well as with the molecules in the nearest vicinity (see Fig.
2). The dipole moment is induced in the MNP by the action of both
fields: the incident field 𝐸𝑖𝑛 and the field that is created by surrounding
molecules. The dipoles induced in molecules are created by action of
the incident field and the field created by the MNP. The problem should
be solved self-consistently.

The electric field in the system can be presented as

𝐸 = 𝐸𝑖𝑛 + 𝐸𝑛 + 𝐸𝑚

where the first term 𝐸𝑖𝑛 is the incident field in absence of the MNP, the
second part 𝐸𝑛 comes from the surface charges of the MNP, the last part
𝐸𝑚 is the field created by molecules with induced the corresponding
dipole moments of the three-level molecule

𝑃𝑖𝑗 = ℘𝑖𝑗 (𝜌𝑖𝑗 + 𝜌∗𝑖𝑗 ),

℘𝑖𝑗 is the corresponding transition dipole matrix elements and 𝜌𝑖𝑗 is the
corresponding density matrix elements.

The field 𝐸𝑛 is created by the surface charges that induced by the
external incident optical field 𝐸𝑖𝑛 and the field created by molecules
𝐸𝑚, and, for the parallel polarization case, it is given [27] by

𝐸𝑛 = −2
𝜀1(𝜔) − 𝜀2
𝜀1(𝜔) + 2𝜀2

𝑅3

𝑟3
(𝐸𝑖𝑛 + 𝐸𝑚) = 𝛼(𝐸𝑖𝑛 + 𝐸𝑚),
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